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Eastern China has been facing severe winter haze pollution due mainly to secondary aerosol. Existing studies
have suggested that stagnant weather or fast chemical production led to frequent haze in this region. However,
fewworks focus on the linkage between secondary production of sulfate, nitrate, and ammonium (SNA) and syn-
optic conditions, and their joint contribution to PM2.5. In this study, by combining in-situ measurements on me-
teorology and aerosol chemical composition at three main cities together with a regional model with improved
diagnose scheme, we investigated the chemical formation and accumulation of main secondary composition, i.e.
SNA under typical synoptic conditions. It is indicated that SNAdid play a vital role in haze pollution across eastern
China, contributing more than 40% to PM2.5 mass concentration. As most fast developing region, the Yangtze
River Delta (YRD) was slightly polluted during stable weather with local chemical production accounting for
61% SNA pollution.While under the influence of cold front, the pollutionwas aggravated and advection transport
became the predominant contributive process (85%). Nevertheless, the chemical production of SNAwas notably
enhanced due to the uplift of air pollutant and elevated humidity ahead of the cold front, which then facilitated
the heterogeneous and aqueous-phase oxidation of precursors. We also found the substantial difference in the
phase equilibriumof nitrate over the land surface and ocean due to changes in temperature, ammonia availability
and dry deposition. This study highlights the close link between synoptic weather and chemical production, and
the resultant vertical and spatial heterogeneity of pollution.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Fine particles, referred to particulate matter with aerodynamic di-
ameter smaller than 2.5 μmas PM2.5, have been proven to pose substan-
tial impacts on climate by perturbing Earth-atmosphere radiation
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balance or acting as cloud condensation nuclei (CCN) and ice nuclei
(Lohmann and Feichter, 2005), ecosystems (Carslaw et al., 2010; Held
et al., 2002; Kulmala et al., 2004), human health (Harrison and Yin,
2000; Pope III and Dockery, 2006) and visibility (Cao et al., 2012b). At-
mospheric PM2.5 includes primary components directly released from
emission sources and secondary components formed from gaseous pre-
cursors through in-situ chemical production and gas-to-particle conver-
sion. It is noteworthy that secondary aerosol has been found to
dominate PM2.5 mass concentration in many regions across the world
(Seinfeld and Pandis, 2016; Zhang et al., 2012b). Sulfate, nitrate and am-
monium (SNA) are the predominant inorganic species, accounting for
approximately 25%–60% of total PM2.5 mass (Chan and Yao, 2008;
Pinder et al., 2007; Querol et al., 2004; Yang et al., 2011), and are consid-
ered as important contributors to regional visibility deterioration
(Huang et al., 2014a; Jung et al., 2009; Wang et al., 2018a; Wang et al.,
2015b). Most of SNA aerosols are generated in the atmosphere through
oxidation and neutralization of precursor gases: sulfur dioxide (SO2), ni-
trogen oxides (NOx) and ammonia (NH3) (Wang et al., 2013). SO2 in the
atmosphere is mainly resulted from the combustion of sulfur-
containing fuel during residential heating and industry. Industry,
power and transportation sectors are the main sources of NOx emis-
sions. And dominant NH3 emitters are livestock waste and fertilizer.
For the formation of SO4

2−, homogeneous gas-phase oxidation of SO2,
heterogeneous reactions and in-cloud processes, are the primarymech-
anisms (Huang et al., 2014c; Kunen et al., 1983; Seinfeld and Pandis,
2016; Wang et al., 2006). Nitric acid (HNO3) is formed through NO2 ox-
idized by OH radicals during the daytime and hydrolysis of N2O5 at
night. (Alexander et al., 2009). H2SO4 and HNO3 are then neutralized
by alkaline substances in the atmosphere, mainly NH3 (Adams et al.,
1999; Meng et al., 2015; Meng and Seinfeld, 1994; Pathak et al., 2009).

As the world's largest developing country with rapid industrializa-
tion and urbanization, China features a huge amount of coal consump-
tion, resulting in large emission of gaseous precursors SO2 and NOx

(Dong et al., 2013; Lu et al., 2011; Zhang et al., 2009; Zhang et al.,
2012c). Meanwhile, world's top-ranking agricultural production and
dense rural population make China a hotspot of NH3 emission (Huang
et al., 2012). Field measurements demonstrated that high levels of gas-
eous precursors led to significant production of SNA (Guo et al., 2014;
Huang et al., 2014b; Wang et al., 2017b; Zheng et al., 2015). Therefore,
the concentration and proportion of SNA are both high in China, thus af-
fecting regional air quality and climate change (Cao et al., 2012b; Zhang
et al., 2013). Geng et al. (2017) synthesized the in-situ measurement
data with satellite-based estimated data and found that the averaged
SNA aerosols in northern and central China were most abundant, with
the concentration of 46.9 and 43.3 μg/m3, respectively, while eastern
(63%) andnorthern (61%) China showed the highest fractions. This indi-
cates the serious pollution in China and verifies that the regional distri-
bution characteristics of SNA were consistent with the intensity of
urbanization, industrial development and nitrogen fertilizer applica-
tions to a large extent (Wang et al., 2017a).

China has been experiencing severe haze events frequently in recent
years, especially in winter (Chan and Yao, 2008; Tie and Cao, 2009;
Zhang et al., 2012c). The fast increase in SNA has been demonstrated
to be one most important contributor to heavy pollution episodes
(Tan et al., 2009; Zhang et al., 2013; Zhao et al., 2013b). Many
preexisting studies were indicative of the vital role of aqueous-phase
oxidation of SO2 in the rapid increase of SO4

2− under high RH condition
during severe haze episodes (Elser et al., 2016; Li et al., 2017; Wang
et al., 2014b). Several recent studies have highlighted the aqueous oxi-
dation pathway of SO2 by NO2 in SO4

2− formation during the polluted
period in China (Cheng et al., 2016; Wang et al., 2016; Xie et al.,
2015). The aqueous oxidation pathway of SO2 by dissolved O3, H2O2, or-
ganic peroxides via transitionmetal ions catalytic or non-catalytic path-
ways have also been proposed (Zhang et al., 2015b). In addition to
emission intensity and secondary formation, formation of severe haze
is also strongly affected by regional transport, adverse meteorological
condition and synoptic system (Li et al., 2013; Sun et al., 2014; Wang
et al., 2014a; Zhang et al., 2016; Zhao et al., 2013b). It has been demon-
strated that regional transport is an important factor leading to the se-
vere winter pollution in the super city clusters (Jiang et al., 2015; Tang
et al., 2016; Wang et al., 2015a; Xie et al., 2015; Yang et al., 2018; Ying
et al., 2014; Zhang et al., 2013; Zhao et al., 2013a; Zheng et al., 2015).
Moreover, previous studies have shown that, stable and weak anti-
cyclone synoptic condition at the surface is unfavorable for pollution
dispersion (Li et al., 2015a; Liu et al., 2013; Xu et al., 2017). The adverse
meteorological variables affecting air quality are often closely interre-
lated and strongly modulated by the synoptic-scale circulation (Zhang
et al., 2012a), including temperature inversion structure, low wind
speeds, high humidity and the shallow boundary layer.

Overall, eastern China is facing heavy winter haze pollution under
unfavorable meteorological conditions, which is mainly attributed to
the high concentration of SNA. Although many studies have suggested
that stagnant weather condition or fast chemical production led to fre-
quent haze pollutions in eastern China, the investigation on the linkage
between secondary production of SNA and synoptic conditions, and
their joint contribution to PM2.5 pollution is still very limited. Given a
close relationship among the precursor distribution, SNA chemical pro-
duction and meteorological conditions (i.e. RH, temperature stratifica-
tion, wind field and their vertical heterogeneity), it is of great
importance to clearly show the impacts of different synoptic conditions
on secondary aerosol formation and haze accumulation. Therefore, in
this study, by combining both the field measurement campaign and
WRF-Chem (the Weather Research and Forecasting model coupled
with Chemistry) numerical simulations in eastern China from Novem-
ber to December 2017, we comprehensively analyze the regional trans-
port and vertical diffusion of the precursors, the chemical production of
SNA aswell as its linkagewithmeteorology under distinct synoptic sys-
tems. The rest part of this paper is structured as follows. Section 2 intro-
duces the field campaign and observational data, and the improvement
in WRF-Chem model to better diagnose the individual role of various
physical and chemical processes. Section 3 first validates the modeling
performance using all available measurements, and then analyzes the
diagnostic results of chemical formation process of SNA aerosols under
two typical winter synoptic systems that controlled eastern China dur-
ing this campaign. The causes for the difference in the land-sea distribu-
tion of NO3

− chemical formation are also discussed in this section.
Finally, conclusions are summarized in Section 4.
2. Data and methodology

2.1. Measurements on meteorology and aerosol chemical composition

To better understand the haze pollution in eastern China, measure-
ments on trace gases (i.e. SO2, NH3, NO2) and aerosol composition
were simultaneously conducted at threemain cities in eastern China, in-
cluding Jinan, Nanjing and Shanghai during the time period from26No-
vember to 26 December 2017. Jinan observation site is located in an
urban area of the North China Plain (NCP). The field measurement in
Nanjing was performed at the SORPES (Station for Observing Regional
Process of the Earth System) station,which has been defined as a subur-
ban site (Ding et al., 2016; Ding et al., 2013c; Nie et al., 2015). And the
field measurement in Shanghai was performed at the Fengxian Campus
of East China University of Science and Technology representing the
rural site (Li et al., 2015b; Qi et al., 2019; Zhang et al., 2017; Zhang
et al., 2018). The geophysical locations of these three stations are
shown in Fig. 1 for clarity. Water soluble aerosol ions (i.e. NO3

−, SO4
2−,

NH4
+, Na+, K+, Cl−, Ca2+, Mg2+, etc.) were measured by a Monitor for

Aerosols and Gases in ambient Air (MARGA) with a PM2.5 cyclone
inlet in Jinan and Nanjing. In Shanghai, the mass concentrations of
PM2.5 species, including organics, sulfate, nitrate, ammonium, and chlo-
ride, were measured by Time-of-Flight Aerosol Chemical Speciation



Fig. 1. Spatial distribution of observed (circles) and simulated monthly mean PM2.5 concentration and 10-mwind field over eastern China from 26 November to 26 December 2017. The
location of Jinan, Nanjing and Shanghai are indicated as black circles.

Table 1
WRF-Chem modeling configuration options and settings.

Horizontal grid 160 × 180
Grid spacing 20 km
Vertical layers 35
Longwave radiation RRTMG
Shortwave radiation RRTMG
Land surface Noah
Boundary layer YSU
Microphysics Lin et al.
Cumulus parameterization Grell–Deveny
Photolysis Fast-J
Gas-phase chemistry CBMZ
Aerosol scheme MOSAIC
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Monitor (TOF-ACSM). In this work, the sampling sites for Jinan, Nanjing
and Shanghai are abbreviated as JN, NJ and SH.

To clearly understand themeteorology and pollution characteristics,
several sets of observational data were collected and utilized in this
study. Hourly near-surface meteorological parameters such as
wind, temperature and RH are recorded by operational automatic
weather monitoring stations in Jinan (36.60°N,117.00°E), Nanjing
(31.93°N,118.90°E) and Shanghai (31.23°N,121.53°E), which are well
quality-controlled and archived at the datacenter of China Meteorolog-
ical Administration (CMA) (http://www.cma.gov.cn/, last access: Sep-
tember 2019). The observed hourly mass concentration of PM2.5 at
thousands of ground-based monitoring sites over eastern China are ac-
quired through online access to ambient airmonitoring data publicly re-
leased by the Ministry of Ecology and Environment (MEE) of People's
Republic of China (http://datacenter.mee.gov.cn/, last access: Septem-
ber 2019).

2.2. WRF-Chem improvements and model configurations

The numerical simulations in this study were conducted using the
version 3.7.1 ofWRF-Chem, which is an online-coupled chemical trans-
port model considering multiple physical and chemical processes, in-
cluding emission and deposition of pollutants, advection and diffusion,
gaseous and aqueous chemical transformation, aerosol chemistry and
dynamics (Grell et al., 2011). In highly polluted regions like eastern
China, heterogeneous uptake and aqueous reactions have been demon-
strated to significantly enhance the secondary production of SO4

2− aero-
sol, which however have not beenwell described in currentWRF-Chem
model. Correspondingly, we improved the aqueous-phase chemistry
and heterogeneous module following our previous studies (Huang
et al., 2015; Huang et al., 2014c). It is capable of simulating SNA pollu-
tion on a regional scale and has been successfully applied in several of
our previous studies (Huang et al., 2016; Li et al., 2019; Xu et al.,
2018). The model domain in this work was centered at 35°N and
110°E with a grid resolution of 20 km that covered eastern China and
the surrounding regions. A total of 35 vertical levels extending from
the surface to 50 hPa were utilized in the present study. To better cap-
ture the processes in the boundary layer, around 18 layers were placed
below 1 km (Wang et al., 2019). The initial and boundary conditions of
meteorological fields were constrained by global final analysis (FNL)
data with a 1° × 1° spatial resolution produced by the National Centers
for Environmental Prediction (NCEP) that updates every 6 h. And Na-
tional Centers for Environmental Prediction (NCEP) Automated Data
Processing (ADP) operation global surface observation and global
upper air observational weather data is assimilated by using default
nudging coefficients of wind, temperature and moisture to minimize
the uncertainties in the reproduction of meteorological fields. The de-
tailed description ofmodel configuration can be found in previous stud-
ies (Huang et al., 2016; Huang et al., 2018). The main configurations for
the WRF-Chem modeling are listed in Table 1.

To investigate the contributions of each individual physical and
chemical process to variations of atmospheric NO3

− and SO4
2− concen-

trations, we performed diagnostic analysis in WRF-Chem modeling.
The change rate of chemical species concentrations due to the dynamic
and chemical production/loss processes are described by a set of mass

http://www.cma.gov.cn/
http://datacenter.mee.gov.cn/
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continuity equations given as the following form:

∂Ci

∂t
¼ −∇ � VCi

� �þ ∇ � Ke∇Cið Þ þ ∂Ci

∂t

� �
deposition

þ ∂Ci

∂t

� �
gas−phase chemistry

þ ∂Ci

∂t

� �
cloud chemistry

þ E

where Ci is the concentration of the chemical species to be diagnosed, V
is the three-dimensional wind velocity vector at each grid point and
hence the first term in the right hand denotes advection process; Ke is
the eddy diffusion coefficient used to parameterize the subscale turbu-
lent fluxes to present the diffusion process driven by the vertical gradi-
ent. The concentration of specific component is also affected by the gas-
phase chemistry, in-cloud process, deposition and local emissions (E). In
thiswork,we recorded changes in concentrations due to verticalmixing
with dry deposition (vmix), gas-phase and cloud-phase chemistry
(chem), and advection (adv, including horizontal and vertical compo-
nents) at each integration step.

2.3. Lagrangian particle dispersion modeling

To better diagnose the transport and dispersion processes for the ep-
isodes, we employed the backward Lagrangian particle dispersion
modeling (LPDM) based on HYSPLIT (Stein et al., 2015), following a
method developed and evaluated by Ding et al. (2013a). Note that in
this study the model was driven by the output meteorological fields of
WRF assimilated by observational data as an optimization to achieve
finer horizontal resolution in eastern China. For each hour during the
study period, 3000particleswere released at 100maltitude over the se-
lected site andwere traced backward for 3 days. The position of particle
was calculated considering themeanwindfield and turbulent transport
within the PBL after being released from the receptor point. The resi-
dence time of particles below the 100 m level called footprint
retroplumewas also used to understand the contribution frompotential
source regions (Ding et al., 2013c).

3. Result and discussion

3.1. General meteorological and pollution characteristics and model
evaluation

The model representation on spatial pattern of PM2.5 pollution was
first evaluated in Fig. 1, which presents the simulated and observed
monthly averaged PM2.5 concentration and simulated 10-m wind over
eastern China from 26 November to 26 December 2017. It shows that
the model did well capture the spatial distribution of PM2.5, including
high levels of PM2.5 concentrations over southern Hebei, Henan, Shan-
dong and Hubei Province. Additionally, the Yangtze River Delta (YRD)
alsowitnessed heavy hazepollution along the city clusters fromNanjing
to Shanghai, especially in areas with extremely low wind speed.

As mentioned in Section 2, we conducted simultaneous measure-
ments on bothmeteorology and aerosol composition at three represen-
tative cities. These observational data at Jinan, Nanjing and Shanghai
from the north to the south were also employed to further validate
themodel. The model-simulated daily mean surface meteorological pa-
rameters, PM2.5 and its major secondary inorganic components concen-
trationswere comparedwith corresponding observations at these three
cities. Fig. 2 compares the daily averaged 10-m wind speed, 2-m tem-
perature, PM2.5, SO4

2−, NO3
− and NH4

+ concentrations between the sim-
ulations and observations from 26 November to 26 December 2017.
The simulation of temperature was relatively more accurate with a cor-
relation of 0.96 and a RMA slope of 0.98, but the simulated values were
sometimes slightly lower, which might be related to the time lag be-
tween the actual urbanization process and the land-use data over com-
plex terrains in the parameterization scheme used by the model
(Dandou et al., 2005). The wind speed was significantly overestimated
in all three cities with the RMA slope reaching 1.33. A high positive
bias in wind speed was also reported by several other studies using
WRF-Chem (Matsui et al., 2009; Moelders et al., 2012; Tuccella et al.,
2012; Zhang et al., 2010). This overestimation probably resulted from
the underestimation of the frictional weakening effect of the actual
urban underlying surface type on the wind field, which was similar to
the temperature simulation. It may also result from the unresolved to-
pographical features in surface drag parameterization and the coarse
resolution of the domain (Cheng and Steenburgh, 2005; Yahya et al.,
2015). In addition, the WRF model may have systematic deviations in
simulating wind speed in the lower atmosphere. The correlation coeffi-
cients for PM2.5, SO4

2−, NO3
− and NH4

+ concentrations were found to be
0.75, 0.50, 0.77, and 0.72, respectively. This indicated that the model
successfully reproduced the day-to-day variations of pollutants concen-
trations. Although the model performance for pollutants was satisfac-
tory, biases still existed. The biases can be probably attributed to
errors in meteorology, large uncertainties of emission inventory, rela-
tively coarsemodel grid size, and incomplete treatments of atmospheric
chemistry (Harris et al., 2013; Zhang et al., 2015a).

Overall, the evaluations suggested that the model generally well
simulated the spatial and temporal variations of meteorological vari-
ables and particle pollutants, verifying that the model can well present
the meteorological and aerosol spatiotemporal variation in eastern
China during this campaign.

3.2. Pollution episodes under distinct synoptic weather conditions

Fig. 3 displays the time series of hourly 2-m temperature, PM2.5 and
SNA concentrations at three cities during the month. It should be noted
that the analysis of the following part is based on the model simulation
results unless otherwise specified, as the model performance has been
evaluated previously. The concentration of pollutants in winter showed
a certain periodic variation. After accumulating for a period of time
under the control of high pressure, the cold front formed by the encoun-
ter of cold air in front of the Siberian high pressure and the warm air in
the downstream, resulting in the significant removal of pollutants dur-
ing the southward movement, accompanied by a certain degree of
cooling. It can also be seen that in several pollution episodes, the time
of PM2.5 concentration peak in the three cities was delayed from the
north to the south, indicating the regional transport process of air pol-
lutants. The most polluted period appeared at the end of the month
from23 to 24December 2017. A burst growth of PM2.5 pollution succes-
sively occurred in Jinan, Nanjing, and Shanghai in a short term, accom-
panied by strong north-west wind. The peaks of PM2.5 concentration
reached Jinan, Nanjing, and Shanghai at 18:00 LT 23 December, 09:00,
and 12:00 LT 24 December, with the maximum concentrations of
281.4, 299.5, 297.4 μg/m3, respectively, and a 3 h delay from Nanjing
to Shanghai. This process indicated that a strong north-westerly flow
carries polluted air masses across the YRD region (Fig. 4c and d). By
the time of 18:00 LT 24December, the PM2.5 concentrations in three cit-
ies were basically reduced to the minimum. The city with the largest
monthlymean SNA fraction (46%) in PM2.5 was Shanghai, with the frac-
tions of SO4

2−, NO3
− and NH4

+ being 13%, 22%, 11%, respectively. In Jinan,
SNA aerosols accounted for 41% of PM2.5 mass, of which SO4

2−, NO3
− and

NH4
+ contributed 6%, 25% and 10%, while the averaged fractions were

44%, 8%, 26% and 10% for respective SNA in Nanjing, whichwere compa-
rable with those observed in eastern China (Cao et al., 2012a; Huang
et al., 2014b; Ming et al., 2017).

Local meteorology, controlled by synoptic conditions, could have
“deterministic impacts” on air pollution levels (Xu et al., 2011). Com-
bined with the sea level pressure field shown in Fig. 4, the head of the
cold air masses reached Jinan at 18:00 LT 23 December (Fig. 4c). The
YRD region was situated in front of a ridge and behind a trough at
500 hPa geopotential height field, corresponding to the weak low-
pressure system (cyclone) on the ground. The warm and humid



Fig. 2. Scatter plots of simulated dailymeanmeteorological parameters, PM2.5 and itsmajor chemical composition (SO4
2−, NO3

− andNH4
+) versus observed values among Jinan, Nanjing and

Shanghai during 26 November to 26 December 2017.
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airflows of southwest were easy to accumulate in the front part of the
low pressure, whichmade the air masses warmer to form the inversion
layer. The inversion intensity gradually increased with the increasing
humidity of the ground (Zhu et al., 2016). The observed vertical profile
of the temperature showed a large temperature difference from the
upper level to the ground. At that moment, a southerly wind prevailed
in the YRD region. Twenty hours later, the cold front moved south-
eastward to the coastal areas downstream of YRD (Fig. 4d). The sea
level pressure field showed that there were large pressure gradients at
the front of the cold front, with the prevalence ofwind direction shifting
to the north-west over YRD region in themeanwhile, which favored the
transport of air pollutants from the upstream region to the YRD area
(Kang et al., 2019). After the cold front transited, under the sharp
pressure gradient, the Siberian anticyclone brought effective convection
and strong northerly wind carrying dry and clean air to YRD, which re-
sulted in a sharp drop of PM2.5 concentrations. Then, synoptic patterns
in YRD were characterized by the high-pressure system or uniform
pressure field with light horizontal winds (Fig. 4a and b). Under such
conditions, it was unfavorable for the horizontal advection and the ver-
tical mixing processwithin the boundary layer (Zhu et al., 2010). There-
fore, particulate matter gradually accumulated in the YRD region under
such stableweather condition. In order to comparewith the influence of
cold front, this study selected the stable period controlled by the high
pressure just after the cold front from 25 to 26 December 2017 as case
1, in which the average PM2.5 concentrations of Jinan, Nanjing and
Shanghai were 61.0, 76.9, and 90.4 μg/m3, respectively. As shown in



Fig. 3. Time series of simulated hourly 2-m temperature, PM2.5 and its major chemical composition (SO4
2−, NO3

− and NH4
+) at (a) Jinan, (b) Nanjing and (c) Shanghai from 26November to

26 December 2017. The blue and black rectangles indicated the selected case1 and case2 under different synoptic situation, respectively.
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Fig. 4c and d, Jinan, Nanjing, and Shanghai were at the edge of the high-
pressure center. Subsidence was prevalent in high-pressure controlled
areas, where pollutantswere prone to build up near the ground, indicat-
ing that pollution was more likely to be originated from local sources.
For case 2, the strong synoptic systems, i.e., the cold front intruded
into the YRD region from 18:00 LT 23 to 18:00 LT 24 December 2017,
with the averaged PM2.5 concentrations of 162.3, 189.2, and 110.1 μg/
m3 in Jinan, Nanjing and Shanghai during this period, respectively.

To identify the sources of these particles and to investigate their
transport pathways, we conducted LPDM for case 1 and 2 and showed
the footprint retroplumes (Fig. 5). Fig. 5a suggested that the air masses
reaching SORPES during case 1 were mainly local and short-distance air
masses from the southwest, reflecting the local source emissions and
accumulation of pollutants. For case 2, the SORPES sitewas first affected
by the air masses from the Hangzhou Bay in the southeast and the
southwest air mass, and then the dominant airflow gradually shifted
to the north-west (Fig. 5b). The transported pollutants mixed with
local emissions accumulated continuously to the maximum until the
cold front passed through. The strong winds diluted the concentration
of pollutants. The stability of the atmosphere was destroyed because
of the invasion of cold air, forcing the boundary layer to rise and
strengthening atmospheric turbulence diffusion, which eventually led
to a rapid decrease in the concentration of ground pollutants (Zhou
et al., 2018).

A process diagnostic analysis technique, as elaborated in Section 2.2,
was applied to disentangle each individual contribution from different
physical or chemical processes to aerosol variations over the YRD region
(from 118 to 122°E, 30.5 to 32.5°N, marked in Fig. 1), including the
south of Jiangsu province, Shanghai, and the north of Zhejiang province,
since the frontal zone was smaller than the entire YRD region. Fig. 6
shows the averaged contributions from chemical, vertical mixing with
dry deposition, and advection transport processes on the concentrations
of NO3

− and SO4
2− under 500 meter in altitude during these two cases.

Considering that the advection transport changed from positive contri-
bution to negative contribution after the cold front passed through, case
2 was divided into two time periods by the time when the pollutants
concentration reached themaximum. In recent years, under the regula-
tion of policies, SO2 emission reduction has achieved remarkable ac-
complishment. At the same time, China has gradually transitioned to
the situation where NO3

− is dominant in secondary inorganic aerosols
of PM2.5 associated with the substantial reduction of SO2 in the cold
season (Ding et al., 2019). This can also be seen from the diagnostic re-
sult that the concentration of NO3

− was significantly higher than SO4
2−.

Under the stable weather situation, for NO3
− and SO4

2−, the absolute
mean contribution values of vertical mixing process and chemical for-
mation process were comparable, but chemical formation process con-
tributedmore to the increase of SNA concentration. Probably because of
the prevailing subsidence under high-pressure control, stable atmo-
spheric stratification was unfavorable for the long-range transport of
pollutants, while the stagnant weather with stronger radiation pro-
moted photochemical reactions. When eastern China was affected by
the cold front, namely stage I (18:00 LT 23 to 08:00 LT 24 December)
in the period before the arrival of the cold front, the center of the YRD
was located ahead of the frontal zone at this time, and the contribution
of advection transport processes to aerosol concentrationswas positive.
In the stage II (08:00 to 18:00 LT 24 December), after the cold front
passed through, the pollutants were removed by strong winds, and
the contribution of advection transport processes became negative.
However, the absolute contributions of advection transport processes
in both stages were much larger than that of chemical formation pro-
cess, by approximately 3.5 times. The vertical mixing process with dry
deposition and advection transport processes were comparable under
the influence of cold front, whichwas consistentwith the results of pro-
cesses diagnostic analysis on PM2.5 in Qingdao based on the simulation
of CMAQ (Gao et al., 2020). It is worth noting that the contribution of
vertical mixing increased significantly after the cold front passed
through, indicating that the polluted air mass was lifted to higher alti-
tude by the upward motion ahead of the frontal zone, resulting in the
enhancement of vertical mixing. The production of gaseous H2SO4 and
HNO3 could reflect the gas-phase oxidation process with obvious diur-
nal variation patterns, and the production rates increased during case
2 (Fig. 6b and c). Although the advection transport processes contrib-
uted the most in case 2, the contribution of chemical formation part
was still not negligible. Therefore, in next sections, chemical formation
of SNA aerosols under different synoptic systemswas analyzed in detail.

3.2.1. Case 1: SNA formation under stable weather condition
Fig. 7 shows the average spatial distribution of surfacewindfield and

column concentrations during case 1. After the cold front event, aerosol
particles began to accumulatewith lowwind speeds under the stagnant
weather condition over YRD region. The relatively high levels of NO3

−

column concentration were evenly distributed in the YRD areas, with



Fig. 4. Sea level pressure field over the YRD region at: (a) 00:00 LT on 25 December, (b) 00:00 LT on 26 December, (c) 18:00 LT on 23 December, (d) 12:00 LT on 24 December. Panels
(a) and (b) are the stable weather conditions under high pressure control as case 1, and panels (c) and (d) are under the influence of the cold front system as case 2. The surface
position of the cold front is marked with the symbol of a blue line of triangles pointing in the direction of travel in panels (c) and (d). The location of Jinan, Nanjing and Shanghai are
indicated as black points.

Fig. 5. The averaged retroplumes (i.e., 100 m footprint) based on 3-day backward Lagrangian particle dispersion modeling during (a) case 1, and (b) case 2. Note: Black dot gives the lo-
cation of SORPES station. The method of calculating the footprint was developed by Ding et al. (2013a), based on the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model (Stein et al., 2015).
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Fig. 6. (a) The total contribution of physical/chemical processes (vmix=verticalmixingwith dry deposition; chem=chemical production; adv=horizontal and vertical advection) over
the center of theYRD(118°E-122°E, 30.5°E-32.5°E,marked in Fig. 1) toNO3

− and SO4
2− column concentrations in thenear surface (within 500m)during case 1 and case 2. (b) Time series of

column concentrations and contributions ofNO3
− fromdifferent processes in the near surface (within 500m) from18:00 LT 23December 2017 to 00:00 LT 26December 2017, covering the

time periods of case 1 and case 2. (c) Same as (b) but for SO4
2−. Note that case 2 is divided into two stages, stage I is before the arrival of the cold front from 18:00 LT 23 to 08:00 LT 24

December 2017, and stage II is after the arrival of the cold front from 09:00 LT to 18:00 LT 24 December 2017.
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an average value of about 18.4 mg/m2 (Fig. 7a), while the SO4
2− column

concentrations were slightly higher in YRD region, about 19.9 mg/m2,
and higher in the central region (Fig. 7b). During this period, the distri-
bution of contribution from chemical production process to NO3

− col-
umn corresponded to the distribution of the NO3

− column
concentration, with the average value of about 14.1 mg/m2, of which
the contribution in city clusters near the coastline around Shanghai
was slightly larger (Fig. 7c). High concentrations of the gaseous precur-
sor NOx accompanied by relatively strong photochemical activities in
this region were responsible for the larger NO3

− production (Fig. S1a
and S1c). For SO4

2−, the relatively larger contribution of chemical pro-
duction process appeared in the area around Jinan and the city clusters
along the Shanghai-Nanjing axis over the YRD region due to concen-
trated SO2 as well as higher relative humidity (Fig. S1d and S1f), with
the averaged contribution being approximately 3.2 mg/m2 (Fig. 7d).
The stagnant weather with stronger radiation favored photochemical
reactions, and the RH near coastlinewas relatively high, thus facilitating
the gas-phase and aqueous-phase reactions of NO3

− and SO4
2− produc-

tion over the YRD.
In general, under the stagnantweather condition of case 1, thedistri-

bution of NO3
− and SO4

2− column concentration in YRD area was consis-
tent with that of contribution from chemical formation process in the
YRD region in terms of spatial distribution.Quantitatively, chemical pro-
duction was the main process contributing to the concentration of SNA,
which contributes more than 60%. And it can be found that the YRD re-
gion would not be at the level of heavy pollution, while the concentra-
tion of secondary inorganic aerosols mainly came from the
contribution of gas precursors generated by local source emissions
through chemical conversion process.

Since case 1 featured locally-formed secondary pollution under stag-
nant wind, we mainly focused on boundary layer evolution and its im-
pacts on the vertical heterogeneity of SNA formation. To figure out the
characteristics of vertical structure of SNA and its precursors in case 1,
temporal variations of NO3

−, SO4
2− and their corresponding precursors

and chemical production contribution profiles are illustrated in Fig. 8.
SORPESwas selected as the representative for further analysis consider-
ing that local emissions dominated in this case. High concentrations of
aerosols largely accumulated in the near ground, and the concentration
increased gradually after the noon. Under the stable condition of low
wind speed controlled by high pressure, pollutants emitted from local
sources began to accumulate again at the SORPES station (Ding et al.,
2013b; Ding et al., 2013c; Shen et al., 2018).
As shown in Fig. 8a, the NO3
− concentration increased after the sun-

rise, which was mainly attributed to the fact that gaseous HNO3 rose
through photochemical reactions as solar radiation getting stronger.
NO3

− concentration began to increase obviously due to the large amount
of NOx emitted during themorning rush hours and the enhancement of
photochemical reactions (Liu et al., 2019). Since the temperature had
not risen significantly at this time, themaximum values of the chemical
production contribution in case 1 occurred during 10:00–12:00 LT, and
the height at which the max value appeared gradually increased with
the development of boundary layer (Huang et al., 2018; Wang et al.,
2018b). The boundary layer development led to much stronger vertical
diffusion of NO3

− in the afternoon (Ding et al., 2016; Zhang et al., 2010).
Therefore, the positive contribution of gas-phase chemical production
and the negative contribution of vertical dilution were partly offset,
which weakened the net chemical contribution in the afternoon. With
the fully developed boundary layer, intense turbulent diffusion gave
rise to the well-mixed pollutants. Abundant NH3 near the ground sur-
face promoted the conversion from gaseous nitric acid to particulate
NO3

− aerosol, leading to fast increase in NO3
− aerosol during daytime

near surface. Above the boundary layer, less NH3 availability hindered
the neutralization of HNO3 and subsequent NO3

− aerosol formation.
ThatwaswhyHNO3 concentration peaked near the top of the boundary
layer and NO3

− chemical production showed a sharp drop at higher alti-
tude (Fig. 8c).

During the nighttime, NO3
− aerosol still gradually concentrated,

which might be related to the hydrolysis of dinitrogen pentoxide
(N2O5). The equilibrium of gas-particulate partition of NO3

− is highly
temperature-dependent, and NO3

− tends to exist in the particulate
phase when the temperature is low (Ansari and Pandis, 2000; Seinfeld
and Pandis, 2016). The heterogeneous hydrolysis of N2O5 – a reaction
product of NO2 and nitrate radical, is believed to be the dominate path-
way to form particulate NO3

− (Brown et al., 2003), which is also sup-
ported by the evidence found in previous study at the SORPES station
(Sun et al., 2018). So nitric acid can form via the reaction between
N2O5 and water vapor, or via the heterogeneous hydrolysis on the wet
surface to form the particulate NO3

− directly (Thornton et al., 2003;
Wang et al., 2017a; Wen et al., 2018). But values of chemical contribu-
tion to NO3

− concentration in the nighttime were comparatively small.
The temporal evolution of SO4

2− was similar to that of NO3
−, accumulat-

ing gradually after the noon (Fig. 8b). However, unlike NO3
−, SO4

2− for-
mation predominantly occurred in daytime due mainly to the
photochemical formation of H2SO4. Vertically, less preexisting aerosol



Fig. 7. Spatial distribution of the averaged column concentration during case 1. (a) NO3
− column, (b) SO4

2− column, (c) Column of NO3
− from chemical production process,

(d) Column of SO4
2− from chemical production process. The location of Jinan, Nanjing and Shanghai are indicated as black points.
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and higher radiation fluxmade H2SO4 reach themaximum at the top of
PBL (Fig. 8d).

Overall, under the stagnant condition, the variations of NO3
− and

SO4
2− were mainly driven by gaseous precursors, photochemical activi-

ties, conversion rate, air temperature, RH, boundary layer dynamics at
local scale (Cheng et al., 2016; Guo et al., 2017; Li et al., 2017; Seinfeld
and Pandis, 2016; Xie et al., 2015; Zhang et al., 2007). High concentra-
tions of aerosols and their gaseous precursors appeared near the sur-
face, while HNO3 and H2SO4 mainly appeared above the top of the
PBL. Comparedwith those inside the PBL, lower preexisting aerosol lim-
ited condensation sinks and higher oxidizing capacity in the free tropo-
sphere favored the photochemical oxidation and accumulation of HNO3

andH2SO4 (Qi et al., 2019). In addition, it was also highly possible that as
NH3 accumulated mostly near the surface, HNO3 and H2SO4 were much
easily neutralized by NH3 near the ground surface.

3.2.2. Case 2: formation of SNA under the effect of cold front
Case 2 is an episode significantly influenced by a typical synoptic

system in winter – the cold front. Fig. 9 gives the average spatial distri-
bution of surface wind field and column concentrations during that
case. Strong wind accompanied by high concentrations of PM2.5 in win-
ter favored the long-range transport of aerosols from polluted North
China Plain (NCP) to the YRD region. High NO3
− and SO4

2− loadings cov-
ered most part of the YRD and Shandong Province, with the maximum
values reaching 63.3 and 45.8 mg/m2, respectively. There were two dis-
tinct bands of high-value areas: one was from the west of Shandong
Province to the city clusters along the Shanghai-Nanjing axis over the
YRD region, and the other was along the coastline of Jiangsu Province
(Fig. 9a and b). Such belt distribution was mainly attributed to the evo-
lution of wind, starting along the north-west direction and then chang-
ing to the westerly direction, which suggested the pathway of cold
front. Correspondingly, the high SNA concentration was distributed on
themoving path of the cold front. The distributions of chemical produc-
tion contribution to NO3

− and SO4
2− corresponded to their column con-

centration distributions, with the average contributions of about 14.7
and 8.7 mg/m2, respectively (Fig. 9c and d). Through the transport of
pollutants by the cold front, the pollution was gradually aggravated
and the photochemical reactions were suppressed. However, higher
RH facilitated the aqueous-phase reaction and heterogeneous uptake,
which enhanced the formation of secondary aerosol in case 2 (Fig. S2).
Generally, YRD was less polluted under stable conditions than that
under the influence of cold fronts. When comparing the contribution
of chemical production to SNA, the chemical production under stable
weather (61.3%) contributed more to the column concentrations than



Fig. 8. Temporal evolutions of the vertical profile for (a) NO3
−, (b) SO4

2−, (c) chemical production rate of NO3
− (color-filled contours) overlaid by HNO3 (black contours), (d) chemical

production rate of SO4
2− (color-filled contours) overlaid by H2SO4 (black contours) at the SORPES site during case 1.
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that under the influence of cold front (14.8%) in terms of relative contri-
bution ratio, but the absolute values were the opposite.

To get a better insight into the chemical production of SNA during
case 2, cross section of averaged pollutants and corresponding chemical
production contribution profiles along the transport pathway of cold
front are shown in Fig. 10. As shown the high concentration SNA domi-
nated the entire region in the whole PBL, indicating that the cold front
was accompanied by SNA transport. The vertical extent of the SNA con-
centrations reached 1.6 km, significantly higher than the mean bound-
ary layer height. Therefore, the vertical transport of SNA was
considered to be caused by the upward motion in front of the cold
front system, rather than the vertical turbulent mixing in the PBL.
When the cold front reached the YRD, the warm and polluted air mass
ahead of the frontal zone was lifted up to the free troposphere (Ding
et al., 2009; Liu et al., 2003; Zhou et al., 2018). The high concentration
center of NO3

− and SO4
2− appeared between 200 and 400 m, higher

than that in the stable period (mainly near the ground), which also
proved that the cold fronts had lifting effect (Fig. 10a and b). The chem-
ical formation mainly occurred within the PBL, from the near ground to
the height of 600 m. And the large values of chemical contribution to
NO3

− and SO4
2− were both distributed in the downwind region along

the city clusters from Nanjing to Shanghai, which included two parts,
that is, the chemical conversion of the local emissions and the
transported gaseous precursors from NCP. Moreover, the RH profiles
showed that the downstream areas were more conducive to aqueous-
phase and heterogeneous reactions (Fig. 10c and d). We selected
03:00 LT 24 December in Fig. 11 to show the instantaneous vertical dis-
tributionwhen the cold front was located between Jinan and Nanjing. It
is evident that the concentration of NO3

− and SO4
2− and the contribution

fromchemical formationwere distributed both in and above the bound-
ary layers, reflecting the rise along the circulations ahead of cold fronts.

3.3. Substantial land-sea difference of NO3
− chemical production

From (c) and (d) of Figs. 7 and 9 in the spatial pattern and (c) and
(d) of Fig. 10 in the vertical distribution, it can be found that the total
contribution of chemical formation to NO3

− concentration was clearly
demarcated along the coastline, that is to say, therewas a significant dif-
ference in land-sea distribution, with positive contribution on land and
negative contribution at sea. However, chemical formation process con-
tributed positively to SO4

2− and there was no obvious difference in land-
sea distribution. Considering that the formation process of SO4

2− is irre-
versible, the gas-particulate partition of NO3

− is a reversible equilibrium
process, which is affected by temperature, RH and other factors. So we



Fig. 9. Spatial distribution of the averaged column concentration during case 2. (a) NO3
− column, (b) SO4

2− column, (c) Column of NO3
− from chemical production process,

(d) Column of SO4
2− from chemical production process. The black solid line in panel b denotes the location of the vertical cross section shown in Fig. 10. The location of Jinan,

Nanjing and Shanghai are marked in black dots.
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investigate the reasons why the chemical formation process decreased
NO3

− concentration at sea.
During the two cases, the spatial pattern of 2-m temperature in

Fig. 12a indicated that the mean temperature on the ocean was higher
than that of the land on the same latitude and the temperature in east-
ern China had a certain extentwarming during the cold front episode, as
displayed in Fig. 12b. Therefore, a relatively higher temperature at sea
was unfavorable for the presence of NO3

− in particulate phase. But the
2-m temperature pattern was not strictly distributed along the coast-
line, which mean that it was also affected by other factors.

NH3 is a very important alkaline constituent in the atmosphere,
which is a key precursor for neutralizing HNO3 in the atmosphere to
form NH4NO3. A comprehensive NH3 emission inventory in China re-
veals that the most important emission sources are livestock excreta
and fertilizer application and the regions with the highest emission
rates are located in Central and Southwest China (Huang et al., 2012).
As demonstrated in Fig. 12c and d, NH3 was mainly distributed in the
mainland, and the high concentration center was located in Henan
province. The concentration of NH3 over the sea was extremely low,
and there was only a slight concentration near the coastline. Implying
that the land presented NH3-rich condition, but the sea was character-
ized as NH3-poor condition. The neutralization of H2SO4 by NH3 has
been found to be preferred over the formation of NH4NO3 (Warneck,
1988). Thus, the formation of NH4NO3 in fine particles is usually under
significantly neutralized or NH3-rich conditions (Pathak et al., 2009).
And the NH3 concentration during case 2 was reduced compared to
case 1, which may be explained by the conclusion mentioned above
that the cold fronts carried both aerosols and gaseous precursors, and
more NH3 reacted with acidic species to form themajor inorganic com-
ponents of fine particulate matters.

Deposition is one of the main physical mechanisms of pollutants in
the process of transport, and it is also themain process of pollutants re-
moval in the air. The wet deposition process of pollutants falling to the
ground with precipitation only occurs in a certain space and time, and
the deposition amount is relatively concentrated. In the absence of pre-
cipitation, due to turbulent transport and gravity, pollutants are contin-
uously absorbed by the underlying surface (including land surface,
water surface and vegetation) when they are transported and diffused
in the atmosphere, forming a continuous process of migration to the
ground, which is called dry deposition. No precipitation occurred during
the two cases in this study. The highly reactive and soluble nature of
gaseous HNO3 leads to large rates of deposition, approaching the maxi-
mum rates of deposition limited by turbulent exchangewhen eachmol-
ecule arriving at terrestrial surface is immediately absorbed at the



Fig. 10. Vertical cross section of (a) NO3
− and (b) SO4

2− averaged concentration during case 2, and the contribution of chemical production process on the vertical cross section of (c) NO3
−

and (d) SO4
2− corresponding to Fig. 10a and b, in-planewind vectors (arrows)where the vertical speedwasmultiplied by a factor of 1800, and planetary boundary layer height (black solid

line). Blue lines in (d) outline RH. The corresponding location of Jinan, Nanjing and Shanghai are indicated as dashed black lines.
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surface (Fowler et al., 2009; Sun et al., 2017). The difference in land-sea
distribution of HNO3 was not as obvious as NH3, with a certain concen-
tration both on land and sea, but the dry deposition at sea was signifi-
cantly higher than that on land (Fig. 12e and f). Overall, the relative
high temperature, the NH3-poor condition and the large dry deposition
of HNO3 over the sea area did not facilitate the gas-to-particle
partitioning, so the chemical formation process contributed negatively
to NO3

− concentration on the sea.

4. Conclusions

Eastern China has been facing severe winter haze pollution due
mainly to secondary aerosol. To clearly understand the chemical forma-
tion and accumulation of main secondary composition SNA under typi-
cal synoptic weather conditions in this region, we conducted one-
month simultaneous measurements on both meteorology and aerosol
composition at multiple cities in late 2017. In addition, a fully coupled
meteorology-chemistry model WRF-Chem with improved diagnose
schemewas applied to shedmore lights on SNA spatiotemporal charac-
teristics and relative importance of different physical and chemical pro-
cesses. The evaluation of simulation through ground-based
observations shows that the model generally captured spatial patterns
and temporal variations of meteorological parameters, PM2.5 and its
major chemical composition (SO4

2−, NO3
− and NH4

+). SNA aerosols
accounted for 41%, 44%, and 46% of PM2.5 monthly in Jinan, Nanjing
and Shanghai, with the fractions ranging from 6 to 13% in SO4

2−,
22–26% in NO3

− and 10–11% in NH4
+, respectively. The Yangtze River

Delta (YRD)of China ismainly affected by two kinds of synoptic systems
inwinter: one is the stable condition under the control of high pressure,
and the other one is the cold front system ahead of the southward Sibe-
rian anticyclone. The averaged column concentration and chemical pro-
duction of NO3

− were in the range of 18.4–44.1 mg/m2 and
14.1–14.7 mg/m2 over the YRD region during two cases. And the corre-
sponding range for SO4

2− were 19.9–37.1 mg/m2 and 3.2–8.7 mg/m2,
respectively.

The results show that the YRD region was slightly polluted during
stable period, and the main source of pollutants at this time was local
emissions. Whereas the cold front system moved southward, it carried
the pollutants from the upwind areas, whichwould deteriorate air qual-
ity in the downwind areas, leading to heavy pollution in the YRD region.
Our estimation indicated that the processes dominated the pollution of
SNA were chemical formation during stable condition and advection



Fig. 11. Vertical cross section of (a) NO3
− and (b) SO4

2− concentration at 03:00 LT 24 December during case 2, and the hourly contribution of chemical production process on the vertical
cross section of (c) NO3

− and (d) SO4
2− corresponding to panels a and b, in-planewind vectors (arrows)where the vertical speedwasmultiplied by a factor of 1800, and planetary boundary

layer height (black solid line). Blue lines in (d) outline RH. The corresponding location of Jinan, Nanjing and Shanghai are indicated as dashed black lines.
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transport during cold frontal episode, contributing approximately 61%
and 85% over the center of the YRD. When comparing the contribution
of chemical production process to SNA on the spatial distribution
under two different weather systems, the chemical production under
stable weather (61.3%) contributed more to the column concentration
than under the influence of cold front (14.8%) in terms of relative contri-
bution ratio, but for the values of absolute contribution, it was the oppo-
site. However, the photochemical activities were weakened during the
pollution episode, so the contribution of gas-phase oxidation pathway
to aerosol formation was limited. In addition, the emission inventory
was fixed, i.e. the emission of local sources remained unchanged, and
the heterogeneous chemical processes considered in the model were
relatively simple, thus implying that the cold front carried both aerosols
and gaseous precursors to the downstream, and the chemical conver-
sion processes in the transport pathway led to the increase in the abso-
lute contribution values. As for the characteristics of vertical structure,
high concentrations of SNA and their gaseous precursors appeared
near the surface in stable condition, while the altitudes of high concen-
tration centerwere higher under the influence of cold front. Besides, the
vertical distribution of SNA significantly exceeded the boundary layer
height along the transport pathway of cold front, indicating that
the warm and polluted air mass was lifted to the free troposphere
by the upward motion ahead of the frontal zone. The chemical for-
mation mainly occurred within the PBL, and also occurred above
the top of the boundary layer during the transport process. The
large values of chemical contribution were distributed in the down-
wind region along the city clusters from Nanjing to Shanghai, which
included the chemical conversion of local emissions and the
transported gaseous precursors from upstream. There was a signifi-
cant difference in land-sea distribution of chemical formation contri-
bution to NO3

−, with positive contribution on land and negative
contribution at sea. The relatively high temperature, the NH3-poor
condition and the large dry deposition of HNO3 over the sea area
were factors that impede the gas-to-particle partitioning, leading
to the loss of nitrate aerosol.
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